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In the simplest version of a Q6 flavored supersymmetric model, we analyze the leptonic masses
and mixings in the framework of a soft breaking of the µ↔ τ symmetry. This breaking is controlled
by the inequality meτ 6= meµ in the effective neutrino mass. As a consequence of this breaking,
the reactor and atmospheric angle are deviate from 0◦ and 45◦, respectively. Such deviations can
be enhanced or suppressed by the CP parities in the Majorana phases, so that an analytic study
is carried out to remark their importance to constrain the free parameters that accommodate the
mixing angles. The normal hierarchy is completely discarded in this model, the inverted hierarchy
is less favored than the degenerate one where the reactor and atmospheric angles are in good
agreement with the experimental data. Additionally, the model predicts defined regions for the
effective neutrino mass decay, the neutrino mass scale and the sum of the neutrino mass in the
inverted and degenerate mass spectrum. Thus, this model may be testable by future experiments
that focus in neutrinoless double beta decay.
PACS numbers:
I. INTRODUCTION
In the last two decades the neutrino oscillation experiments have provided a large amount of evidence in favor of
the massive neutrinos and leptonic flavor mixings. In the theoretical framework of three active neutrinos we need only
six independent parameters in order to characterize the so-called ordinary neutrino oscillations. These parameters
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2are: the difference of the squared neutrino masses, the flavor mixing angles and the “Dirac-like” CP violation phase
factor [1]. The numerical values for the squared neutrino masses and flavor mixing angles obtained from a global fit
to the current experimental data on neutrino oscillations, at Best Fit Point (BFP) ±1σ and 3σ ranges, are [2]:
∆m221
(
10−5 eV2
)
= 7.60+0.19−0.18, 7.11− 8.18,
∣∣∆m231∣∣ (10−3 eV2) =
 2.48
+0.05
−0.07, 2.30− 2.65
2.38+0.05−0.06, 2.20− 2.54
,
sin2 θ12/10
−1 = 3.23± 0.16, 2.78− 3.75, sin2 θ23/10−1 =
 5.67
+0.32
−1.24, 3.93− 6.43
5.73+0.25−0.39, 4.03− 6.40
,
sin2 θ13/10
−2 =
 2.26± 0.12, 1.90− 2.62
2.29± 0.12, 1.93− 2.65
.
(1)
The upper and lower rows are for a normal and inverted hierarchy of the neutrino mass spectrum, respectively.
Currently, the experimental determination of the above parameters is in a precision age. However, this is not the
case for the “Dirac-like” CP violation phase in the leptonic sector, since the T2K experiment only give us hints of an
approximately maximal CP violation phase, δCP ∼ −pi/2 [3]. Then, the δCP phase from a global fit to the current
experimental data on neutrino oscillations, at BFP±1σ and 3σ level, is [2]:
δCP/
◦ =
 254
+99
−72, 0− 360
266± 56, 0− 360
. (2)
The above experimental evidence was enough to show that neutrinos have a tiny mass, whereby it was very easy to
conclude that there is physics beyond the Standard Model (SM). Now we have the dilemma how far beyond the SM
we have to go and under what arguments this extension is based. In this work we consider the current experimental
data on neutrino oscillations that were mentioned above. So, from these data we obtain that the magnitude of the
leptonic mixing matrix elements have the following values at 3σ
• Normal Hierarchy (NH) 
0.780− 0.842 0.520− 0.607 0.137− 0.162
0.207− 0.555 0.395− 0.714 0.618− 0.794
0.226− 0.566 0.420− 0.731 0.590− 0.772
 . (3)
• Inverted Hierarchy (IH) 
0.779− 0.842 0.520− 0.607 0.139− 0.163
0.207− 0.554 0.397− 0.710 0.626− 0.792
0.229− 0.566 0.426− 0.729 0.592− 0.765
 . (4)
From the leptonic mixing matrices given in the Eqs. (3) and (4) we obtain for the second and third row the remarkable
result
|Uµ1| ≈ |Uτ1| , |Uµ2| ≈ |Uτ2| , |Uµ3| ≈ |Uτ3| . (5)
This means that the leptonic mixing matrix has in an approximate way the so called µ↔ τ symmetry. In the model
building context, the µ↔ τ flavor symmetry has been widely used to propose possible extensions of the SM. In these
extensions, the µ↔ τ flavor symmetry can be defined in two different ways:
3i) the µ ↔ τ permutation symmetry [4–9] where the neutrino mass term is unchanged under the transformations
νe → νe, νµ → ντ and ντ → νµ.
ii) the µ ↔ τ reflection symmetry [10–12] where the neutrino mass term is unchanged under the transformations
νe → νce , νµ → νcτ and ντ → νcµ, where c denotes the charge conjugation.
In here we will only consider the first definition, hence in the following when we mention the µ↔ τ symmetry actually
we mean the µ ↔ τ permutation symmetry. Historically, theoretical physicists have proposed the µ ↔ τ symmetry
in order to reproduce the experimental data on lepton mixing angles. Namely, the µ↔ τ symmetry is obtained if the
neutrino oscillation parameters fulfill one of the following conditions
|Uµi| = |Uτi| ⇐⇒
{
θ13 = 0
◦ and θ23 = 45◦,
δ = ±90◦ and θ23 = 45◦.
(6)
The first one is ruled out by the current experimental data on neutrino oscillations, but not even the second condition
is allowed at the 1σ or 3σ level. At present, the Long-baseline energy experiment NOνA has disfavored the exact
µ − τ symmetry, therefore some possible breakings of the µ ↔ τ symmetry have been explored [13–24] (for generic
models see [11, 25–32]). If this symmetry is broken, it is vital to investigate the source of the breaking and the
framework where this is realized.
Based on the above, we build a supersymmetric model with the Q6 symmetry group as flavor symmetry and
conserved R−parity. In this context, as a first step we study the masses and flavor mixing in the leptonic sector,
where the µ ↔ τ symmetry is only broken in the effective neutrino mass matrix, by the difference meτ −meµ 6= 0,
which deviates the atmospheric angle from 45◦ and the reactor angle is non zero. In previous works on Q6 [33–39],
the scalar sector was extended such that three families of doublets Hdi and H
u
i are needed for the mixing. Contrary
other models reported in the literature, we will try to explain the contrast between the CKM and PMNS mixing
matrices by assigning in a different way the quark and lepton sector under the action of the flavor symmetry, as we
will see below. The quark sector will be analyzed in a future work.
II. THE MODEL
In our model the matter content and how it transforms under the action of the Q6 flavor symmetry is shown in
Table I. As we can see, the quark and lepton sectors have been assigned in a different way under the action of the flavor
symmetry; the main reason to do so is to take seriously the remarkable hierarchy in the quark masses. Although the
charged lepton masses may preserve this hierarchy, in the neutrinos sector this is not clear. So the quark and Higgs
Q6 1+,0 1+,2 1−,1 1−,3 22 21
Matter Hd3 H
u
3 , YB L1 , N
c
1 , Q3 , u
c
3 `
c
1, d
c
3 LJ , `
c
J , N
c
J , QI , d
c
I , u
c
I , H
d
I H
u
I
TABLE I: Matter content.
superfields QI and H
u,d
I , with I = 1, 2, transform as doublets. In fact, for the rest of the superfields, if they have the
subscript I, it means that they transform as doublets under the flavor group, otherwise, the superfields transform as
singlets under the flavor group. This flavor structure provides hierarchical quark mass matrices that reproduce the
4CKM mixing matrix quite well [33–39]. On the other hand, in the leptonic sector, the first family is assigned to any of
singlets of Q6, while the other two families are assigned as elements of the flavor doublet, LJ with J = 2, 3. In here,
we would like to emphasize that such assignment is a possible route for realizing the µ↔ τ symmetry [7, 19, 40–42],
and the tribimaximal mixing matrix [43, 44]. In comparison to previous works on Q6 [33–39], where the assignment
2 ⊕ 1 (the first two families in the 2 and the third one in the singlet irreducible representations) for the families of
fermions and scalars was used, in this paper, we assigned differently the leptons (1⊕ 2, the first family in the singlet
and the second and third one in the doublet) in order to identify and subsequently break the µ↔ τ symmetry, as we
will see later.
In this theoretical framework the superpotential has the form:
W = yu1 (Q1u
c
2 −Q2uc1)Hu3 + yu2 (Q1Hu2 +Q2Hu1 )uc3 + yu3Q3 (uc1Hu2 + uc2Hu1 ) + yu4Q3uc3Hu3
+yd1
[
Q1
(−dc1Hd1 + dc2Hd2 )+Q2 (dc1Hd2 + dc2Hd1 )]+ yd2 (Q1dc1 +Q2dc2)Hd3 + yd3Q3dc3Hd3
+y`1L1e
c
1H
d
3 + y
`
2
[
L2
(−ec2Hd1 + ec3Hd2 )+ L3 (ec2Hd2 + ec3Hd1 )]+ y`3 (L2ec2 + L3ec3)Hd3 + yD1 L1N c1Hu3
+yD2 L1 (N
c
2H
u
2 +N
c
3H
u
1 ) + y
D
3 (L2H
u
2 + L3H
u
1 )N
c
1 + y
D
4 (L2N
c
3 − L3N c2 )Hu3 + ymYBN c1N c1
+MR2 (N
c
2N
c
2 +N
c
3N
c
3 )
(7)
Before going ahead we will make some important remarks. i) In order to generate the flavor invariant Majorana mass
term for the right-handed neutrinos, we included one Babu-Kubo flavon YBK [33]. ii) From the matter content given
in Table I we obtain that the µ-terms in the Higgs sector are not flavor invariant, whereby these kind of terms do
not appear in the Higgs sector. However, the µ-terms must be present in the Higgs sector because these are essential
to get the electroweak symmetry breaking. Consequently, extra gauge singlets should be included in order to build
the µ-terms invariant under the action of the flavor group (see [45, 46]). iii) As the main aim of this work is the
implication of the µ ↔ τ symmetry breaking in the leptonic masses and mixings, in this version of the model we
assume a particular alignment in the vacuum expectation values (vev’s) of the scalar fields.
III. THE LEPTON MASSES AND FLAVOR MIXING ANGLES
From the superpotential given in Eq. (7) the form of the Dirac fermions mass matrices in the leptonic sector is the
following
MD =

yD1 〈Hu3 〉 yD2 〈Hu2 〉 yD2 〈Hu1 〉
yD3 〈Hu2 〉 0 yD4 〈Hu3 〉
yD3 〈Hu1 〉 −yD4 〈Hu3 〉 0
 and M` =

y`1〈Hd3〉 0 0
0 y`3〈Hd3〉 − y`2〈Hd1〉 y`2〈Hd2〉
0 y`2〈Hd2〉 y`3〈Hd3〉+ y`2〈Hd1〉
 . (8)
Here, MD is the Dirac neutrinos mass matrix, while M` is the charged leptons mass matrix. In the flavor space, the
Majorana right-handed (RHD) neutrino mass matrix has the diagonal form
MR = diag (MR1 , MR2 , MR2 ) , (9)
where MR1 = y
n〈YBK〉.
As it is well known, the µ↔ τ symmetry in the effective neutrinos mass matrix is identified very well in the basis
where the charged lepton mass matrix is diagonal. In our model, this can be accomplished by the following alignment
in the scalar sector 〈Hu1 〉 = 〈Hu2 〉, and 〈Hd2〉 = 0; at the same time such alignment allows us to reduce free parameters
in the Dirac neutrino mass matrix, and as a consequence in the effective neutrino mass matrix as well, where a partial
5µ↔ τ symmetry is expected. Then, the mass matrices given in Eq. (8) acquire the following forms, respectively,
MD =

aD bD bD
cD 0 dD
cD −dD 0
 and M` = diag (a`, b`, d`) , (10)
where aD ≡ yD1 〈Hu3 〉, bD ≡ yD2 〈Hu1 〉, cD ≡ yD3 〈Hu1 〉, dD ≡ yD4 〈Hu3 〉, a` ≡ y`1〈Hd3〉, b` ≡ y`3〈Hd3〉 − y`2〈Hd1〉, and
d` ≡ y`3〈Hd3〉 + y`2〈Hd1〉. As the mass matrix M` has a diagonal shape, the physical masses for the charged leptons
are me = |a`|, mµ = |b`| and mτ = |d`|. So, all information about the leptonic flavor mixing only comes from the
neutrino sector.
In this theoretical framework, the active Majorana neutrino mass matrix Mν is obtained through the type-I seesaw
mechanism [47–53], Mν = MDM
−1
R M
>
D, where the MD and MR matrices are given in Eqs. (9) and (10). Hence, the
explicit form of Mν is
Mν =

mee meµ meτ
meµ mµµ mµτ
meτ mµτ mµµ
 , (11)
where
mee =
a2D
MR1
+ 2
c2D
MR2
, meµ =
aDbD
MR1
− cDdDMR2 , meτ =
aDbD
MR1
+ cDdDMR2
,
mµµ =
b2D
MR1
+
d2D
MR2
, mµτ =
b2D
MR1
.
(12)
Remarkably, in this flavored model, the µ − τ symmetry is only broken by the entries meµ and meτ (meµ 6= meτ ).
On the contrary, in generic models, where the charged lepton mass matrix is diagonal, the mττ 6= mµµ difference also
breaks the µ− τ symmetry; this implies extra free parameters in the effective neutrino mass matrix Mν . Hence, this
makes clear the advantage of working with the Q6 flavor symmetry. Let us go back to Mν matrix, the sub-block
matrix 2 − 3 provides a 45◦ angle (to the flavor mixing matrix) that may be identified with the atmospheric one.
Moreover, if the equality meτ = meµ were true, the neutrino mass matrix, M
0
ν , would possess the µ − τ symmetry.
In addition, the M0ν matrix would be diagonalized by means of the unitary transformation U
0†
ν M
0
νU
0
ν = ∆
0
ν , where
U0ν =

cos θν sin θν 0
− sin θν√
2
cos θν√
2
− 1√
2
− sin θν√
2
cos θν√
2
1√
2
 and ∆0ν = diag (m0ν1 ,m0ν2 ,m0ν3) . (13)
So, the matrix elements of M0ν may be written in terms of neutrino mass eigenvalues and the θν angle as:
mee =
(
m0ν1 cos
2 θν +m
0
ν2 sin
2 θν
)
, meµ =
sin 2θν(m0ν2−m
0
ν1
)√
8
,
mµµ +mµτ = m
0
ν1 sin
2 θν +m
0
ν2 cos
2 θν , mµµ −mµτ = m0ν3 .
(14)
Strictly speaking, in the present model, Mν does not possess the µ ↔ τ symmetry since meµ 6= meτ . This fact,
actually, is crucial to get θ13 6= 0◦ and θ23 6= 45◦ in the PMNS matrix as we will see next. Now, the Mν mass matrix
will be diagonalized in a perturbative way, as follows: applying U0ν to Mν , we have
U0†ν MνU
0∗
ν = ∆
0
ν +

0 0 cos θν√
2
(meτ −meµ)
0 0 sin θν√
2
(meτ −meµ)
cos θν√
2
(meτ −meµ) sin θν√2 (meτ −meµ) 0
 . (15)
6The right side of the above expression contains the difference meτ −meµ that breaks the µ− τ symmetry. Then, this
mass matrix will be considered as a perturbation to the M0ν matrix. As a consequence, the m
0
νi physical neutrino
masses will get a correction as well as the U0ν neutrino mixing. Here, we define the dimensionless perturbation
parameter as
 ≡ (meτ −meµ)
meµ
, (16)
where ||  1 as hypothesis. To be more precise, we will consider a soft breaking of the µ − τ symmetry such that
||  0.3. Then, quadratic contributions on  will be neglected along the analysis. In this way, the second matrix of
right side of Eq. (15) is given as
Mν =

0 0 cos θν√
2
meµ 
0 0 sin θν√
2
meµ 
cos θν√
2
meµ 
sin θν√
2
meµ  0
 . (17)
In general, the Mν mass matrix may be diagonalized by means of a unitary transformation U
†
νMνU
∗
ν = ∆ν , where
∆ν = diag (mν1 ,mν2 ,mν3), Uν ≈ U0νUν in this latter the U0ν matrix diagonalizes to M0ν , while Uν makes the same
for the resultant matrix that depends on . Here, the m0νi active neutrino masses are complex due to the presence of
Majorana phases, and the θν angle is a free parameter. The explicit form of the unitary matrix U

ν is the following
Uν ≈

N−11 0
k1r1
N3
0 N−12
k2r2
N3
−k1r1N1 −k2r2N2 N
−1
3
 , (18)
where
r1,2 ≡
(
m0ν2 −m0ν1
m0ν3 −m0ν1,2
)
, k1 ≡ sin 2θν cos θν
4
and k2 ≡ sin 2θν sin θν
4
. (19)
The normalization factors in the Uν are
N1 =
√
1 + |k1r1|2, N2 =
√
1 + |k2r2|2, N3 =
√
1 + ||2
(
|k1r1|2 + |k2r2|2
)
. (20)
Finally, the lepton flavor mixing matrix is given as V ≈ U†`U0νUν , where U` for this theoretical framework is equal
to the unity matrix, while U0ν and U
δ
ν matrices are given in Eqs. (13) and (18), respectively. Thus, we obtain
V ≈

cos θν
N1
sin θν
N2
 cos2 θν sin 2θνr1
(
1+
r2
r1
tan2 θν
)
4N3
− sin θν(1−(cos
2 θν/2)r1)√
2N1
cos θν(1+(sin2 θν/2)r2)√
2N2
− 1−(sin2 2θν/8)r1r2√
2N3
− sin θν(1+(cos
2 θν/2)r1)√
2N1
cos θν(1−(sin2 θν/2)r2)√
2N2
1+(sin2 2θν/8)r1r2√
2N3
 . (21)
In order to obtain the theoretical expressions for the flavor mixing angles, we compare the magnitude of the entries
in the mixing matrix PMNS given in the above parametrization and the Standard parametrization [54]. Then, in
this theoretical framework the reactor, solar and atmospheric mixing angles have the form:
sin2 θ13 = |V13|2 =
||2 sin2 2θν cos4 θν |r1|2
∣∣∣1 + r2r1 tan2 θν∣∣∣2
16N23
, (22)
7sin2 θ23 =
|V23|2
1− |V13|2
=
1
2N23
∣∣∣1− sin2 2θν8 r1r2∣∣∣2
1− sin2 θ13
, (23)
sin2 θ12 =
|V12|2
1− |V13|2
=
1
N22
sin2 θν
1− sin2 θ13
. (24)
In the limit when  goes to zero, one recovers the well known results of exact µ−τ symmetry: θ13 = 0◦ and θ23 = 45◦.
On the other hand, in order to figure out the mixing angles values that our model predicts, an analytic study will
be done. To do this, we should keep in mind that ||  1, to be more precisely || ≤ 0.3. With this in mind, the
normalization factors should be of order of 1. Then the expression for the solar mixing angle to leading order is
sin2 θ12 ≈ sin2 θν ⇒ θ12 ≈ θν . (25)
Thus, along the analytical study, we will consider that sin θν ≈ 1/
√
3 which is a good approximation to the solar
angle [55–58]. The other two mixing angles take the form
sin2 θ23 ≈ 1
2
∣∣∣1− 
8
sin2 2θ12r1r2
∣∣∣2 and sin2 θ13 ≈ ||2
16
sin2 2θ12 cos
4 θ12 |r1|2
∣∣∣∣1 + r2r1 tan2 θ12
∣∣∣∣2 . (26)
The explicit form of the r1,2 parameters are given in Eq. (19). Notice that the reactor angle as well as the atmospheric
one depend strongly on the complex neutrino masses, so that the Majorana phases may be relevant to enhance or
suppress those.
In order to show this last fact, the diagonal matrix, given in Eq. (13), can be written as ∆0ν =
diag
(|m0ν1 |eiα1 , |m0ν2 |eiα2 , |m0ν3 |eiα3) where αi is the respective Majorana phase for each neutrino mass. In the fol-
lowing study, we will consider the case of CP parities (0 or pi) in the Majorana phases and some combinations among
them. Then, we end up having ∆0ν = diag
(±|m0ν1 |,±|m0ν2 |,±|m0ν3 |). As we will see, there are several cases where
these CP parities play an important role to constrain the  parameter and the lightest neutrino mass that accommo-
date the reactor and atmospheric angles. For the moment, none of the Majorana phases will be factorized so this
analysis is equivalent up to one phase to the standard parametrization where two relative Majorana phases are taking
into account.
In the last part of the work, as a particular prediction of this model, we will calculate the effective neutrino mass
that comes from the neutrinoless double beta decay, the neutrino mass scale and the sum of the neutrino masses.
These observables will be calculated in the framework CP parities and two relative Majorana phases; in the latter case,
the analytical study is out of the scope of this work, but naive plots will be presented in order to compare them with
the former case. For convenience, we will work with the parametrization ∆0ν = diag
(|m0ν1 |eiα, |m0ν2 |, |m0ν3 |eiβ) eiα2
where α ≡ α1 − α2, β ≡ α3 − α2 and the α2 phase is irrelevant.
Let us start with the analytical study in the framework of CP parities.
1. Normal Hierarchy. From the definition of ∆m221 and ∆m
2
31, one obtains the absolute masses |m0ν3 | =√
∆m231 +m
02
ν1 and |m0ν2 | =
√
∆m221 +m
02
ν1 ,
r1 ≈
m0ν2
m0ν3
(
1− m
0
ν1
m0ν2
)
,
r2
r1
≈ 1 + m
0
ν2
mν3
, r1r2 ≈
m0ν2
m0ν3
(
1 +
m0ν2
m0ν3
)(
1− m
0
ν1
m0ν2
)2
. (27)
8The above mass ratios will depend on the sign of m0ν2 and m
0
ν3 . At the same time m
0
ν2/m
0
ν3 ≈ O(
√
∆m212/∆m
2
31)
up to some signs. Therefore, the reactor angle will be proportional to (∆m212/∆m
2
31)||2 which turns out being
tiny. This statement holds to whatever signs are assumed in the neutrino masses, m0ν2 and m
0
ν3 . Because of
this, we may infer the normal case is ruled out for || ≤ 0.3.
2. Inverted Hierarchy. Following a similar analysis to the normal case, we have |m0ν2 | =√
∆m231 + ∆m
2
21 + |m0ν3 |2 and |m0ν1 | =
√
∆m213 + |m0ν3 |2. For the mass ratios, we have
r1 ≈ −
(
m0ν2 −m0ν1
m0ν1
)(
1 +
m0ν3
m0ν1
)
,
r2
r1
≈ m
0
ν1
m0ν2
[
1− m
0
ν3(m
0
ν2 −m0ν1)
m0ν2m
0
ν1
]
,
r1r2 ≈
(m0ν2 −m0ν1)2
m0ν1m
0
ν2
[
1 +
m0ν3(m
0
ν2 +m
0
ν1)
m0ν2m
0
ν1
]
. (28)
Notice that these mass ratios are sensitive at the sign of the neutrino masses m0νi . Actually, there are four
independent scenarios: Case A with m0νi > 0; Case B with m
0
ν(1,2)
> 0 and m0ν3 < 0; Case C with m
0
ν(2,3)
> 0
and m0ν1 < 0; Case D with m
0
ν2 > 0 and m
0
ν(1,3)
< 0. The former cases can be written as
r1 ≈ −
(∣∣m0ν2 ∣∣− |m0ν1 |
|m0ν1 |
)(
1±
∣∣m0ν3∣∣∣∣m0ν1∣∣
)
,
r2
r1
≈
∣∣m0ν1∣∣∣∣m0ν2∣∣
[
1∓
∣∣m0ν3∣∣ (∣∣m0ν2∣∣− ∣∣m0ν1 ∣∣)∣∣m0ν2∣∣ ∣∣m0ν1∣∣
]
;
r1r2 ≈
(
∣∣m0ν2∣∣− ∣∣m0ν1∣∣)2∣∣m0ν1 ∣∣ ∣∣m0ν2∣∣
[
1±
∣∣m0ν3 ∣∣ (∣∣m0ν2∣∣+ ∣∣m0ν1∣∣)∣∣m0ν2∣∣ ∣∣m0ν1∣∣
]
, (29)
where the upper (lower) sign corresponds to the Case A (Case B). For the Case C (Case D) the corresponding
sign is the upper (lower), and this is given by
r1 ≈
(∣∣m0ν2 ∣∣+ |m0ν1 |
|m0ν1 |
)(
1∓
∣∣m0ν3∣∣∣∣m0ν1∣∣
)
,
r2
r1
≈ −
∣∣m0ν1∣∣∣∣m0ν2∣∣
[
1±
∣∣m0ν3 ∣∣ (∣∣m0ν2∣∣+ ∣∣m0ν1∣∣)∣∣m0ν2∣∣ ∣∣m0ν1∣∣
]
;
r1r2 ≈ −
(
∣∣m0ν2 ∣∣+ ∣∣m0ν1∣∣)2∣∣m0ν1 ∣∣ ∣∣m0ν2 ∣∣
[
1∓
∣∣m0ν3∣∣ (∣∣m0ν2∣∣− ∣∣m0ν1∣∣)∣∣m0ν2 ∣∣ ∣∣m0ν1∣∣
]
. (30)
From the absolute neutrino mass expressions, we notice that |m0ν2 | ≈ |m0ν1 |(1 +R1), then
|m0ν2 | − |m0ν1 | ≈ |m0ν1 |R1, |m0ν2 |+ |m0ν1 | ≈ 2|m0ν1 |
(
1 +
R1
2
)
, |m0ν2 ||m0ν1 | ≈ |m0ν1 |2(1 +R1), (31)
where R1 ≡ ∆m221/2|m0ν1 |2 ∼ 10−2 which is valid whereas the lightest neutrino mass will be tiny.
Roughly speaking, for the Cases A and B, the mixing angles are similar and these are given as
sin2 θ13 ≈ ||
2
18
R21
(
1− 2
3
R1
)
, sin2 θ23 ≈ 1
2
∣∣∣1− 
9
R21
∣∣∣2 . (32)
These relations allow us to discard the Case A and B since the reactor angle is proportional to ||2R21 that
turns out too small for || ≤ 0.3. In the Case C and D, one obtains
sin2 θ13 ≈ 2
81
||2
(
1 + 3R1 ∓ 6
|m0ν3 |
|m0ν1 |
)
, sin2 θ23 ≈ 1
2
∣∣∣∣1 + 49
(
1∓ |m
0
ν3 |
|m0ν1 |
R1
)∣∣∣∣2 . (33)
From these formulas, in the strict inverted hierarchy, |m0ν3 | = 0 then R1 → ∆m221/2∆m213, we obtain:
9(a) If || = 0.3,
sin2 θ13 ≈ 0.0023, sin2 θ23 =
 0.64, with α = 0
0.37, with α = pi
(34)
(b) If || = 0.1,
sin2 θ13 ≈ 0.00025, sin2 θ23 =
 0.54, with α = 0
0.45, with α = pi
(35)
In here, we emphasize the importance of the ||eiα associated phase of the perturbation parameter since this
might lead to a deviation above or below of 45◦ the atmospheric angle. Then, from above cases the atmospheric
angle is accommodated in the allowed region with α = 0. Therefore, this value for the phase will be chosen
when the lightest neutrino mass is very small but different from zero .
Going back to Eq. (33), we observe that the Case C will be disfavored since the reactor angle is reduced by the
term 6|m0ν3 |/|m0ν1 |; this statement can be verified in a straightforward way, as it will be done also for the Case D.
Fixing the reactor angle to its central value we can figure out the allowed values for the perturbation parameter
and the lightest neutrino mass. Then, if |m0ν3 | = 0.001, one requires that || ≈ 0.89 to get sin2 θ13 = 0.0229.
As result, we obtain sin2 θ23 ≈ 0.97 which is large in comparison to the allowed values. Now, if |m0ν3 | = 0.1,
we need that || ≈ 0.38 to get sin2 θ13 = 0.0229, in this way, sin2 θ23 ≈ 0.68 which is on the top of the allowed
experimental region. Remarkably, in this brief analysis the value of the perturbation parameter and the lightest
neutrino mass are on the limit of soft breaking of the µ− τ symmetry and the degenerate region, respectively.
The second plot of figure 2 shows how |m0ν3 | depends on || and viceversa, which is consistent with the previous
analysis. In addition, notice that the reactor angle prefers large values for || whereas the atmospheric one is
favored with small values.
In order to figure out the parameter space that fits the best values of the reactor and atmospheric angles, the
exact formulas for these were taken and the observables as ∆m221, ∆m
2
13 and θν were considered up to 3σ. With
this in mind, in the following plots for the inverted and degenerate hierarchy, we demand that the reactor angle
within 3 σ of C. L. of its experimental values (see the first plot in figure 1) to determine and constrain the
atmospheric angle and the free parameters || and |m0ν3 |, respectively. The set of values for these parameters
are shown in the next plots.
3. Degenerate Hierarchy. In this case, we have that |m0ν1 | u |m0ν2 | u |m0ν3 | u m0 with m0 & 0.1 eV . Then,
the absolute neutrino masses are |m0ν3 | =
√
∆m231 +m
2
0 ≈ m0
(
1 + ∆m231/2m
2
0
)
and |m0ν2 | =
√
∆m221 +m
2
0 ≈
m0
(
1 + ∆m221/2m
2
0
)
. As in the inverted case, the extreme Majorana phases in the neutrino masses are relevant
for the mixing angles, as we will see next. There are four independent cases for the signs which are shown below.
• Case A. If m0νi > 0, then we have that
r1 =
|m0ν2 | −m0
|m0ν3 | −m0
, r1r2 =
(|m0ν2 | −m0)2
(|m0ν3 | − |m0ν2 |)(|m0ν3 | −m0)
,
r2
r1
=
|m0ν3 | −m0
|m0ν3 | − |m0ν2 |
. (36)
• Case B. If m0ν(1,2) > 0 and m0ν3 < 0. As result of this, we get
r1 = −
|m0ν2 | −m0
|m0ν3 |+m0
, r1r2 =
(|m0ν2 | −m0)2
(|m0ν3 |+ |m0ν2 |)(|m0ν3 |+m0)
,
r2
r1
=
|m0ν3 |+m0
|m0ν3 |+ |m0ν2 |
. (37)
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FIG. 1: Case D: Allowed region for sin2 θ13 and sin
2 θ23, respectively. The dotdashed, dashed and thick lines stand for 1 σ,
2 σ and 3 σ, respectively
FIG. 2: Case D: Allowed region for sin2 θ23 versus || and || versus |m0ν3 |. The dotdashed, dashed and thick lines stand for
1 σ, 2 σ and 3 σ, respectively
• Case C. If m0ν(2,3) > 0 and m0ν1 = −m0, therefore one obtains
r1 =
|m0ν2 |+m0
|m0ν3 |+m0
, r1r2 =
(|m0ν2 |+m0)2
(|m0ν3 | − |m0ν2 |)(|m0ν3 |+m0)
,
r2
r1
=
|m0ν3 |+m0
|m0ν3 | − |m0ν2 |
. (38)
• Case D. If m0ν2 > 0 and m0ν(1,3) < 0, then we have
r1 = −
|m0ν2 |+m0
|m0ν3 | −m0
, r1r2 =
(|m0ν2 |+m0)2
(|m0ν3 |+ |m0ν2 |)(|m0ν3 | −m0)
,
r2
r1
=
|m0ν3 | −m0
|m0ν3 |+ |m0ν2 |
. (39)
Now, observe that
|m0ν2 | −m0 ≈ 2m0R2, |m0ν2 |+m0 ≈ 2m0 (1 +R2) ,
|m0ν3 | −m0 ≈ 2m0R3, |m0ν3 |+m0 ≈ 2m0 (1 +R3) ,
|m0ν3 | − |m0ν2 | ≈ 2m0(R3 −R2), |m0ν3 |+ |m0ν2 | ≈ 2m0 [1 +R2 +R3] .
(40)
Here, R2 = ∆m
2
21/4m
2
0 and R3 = ∆m
2
31/4m
2
0, then, R2  R3. From these expressions, in the Case A and B, we
obtain respectively
sin2 θ13 ≈ ||
2
18
(
R2
R3
)2(
1 +
2
3
R2
R3
)
, sin2 θ23 ≈ 1
2
∣∣∣∣1− 9 R2R3
∣∣∣∣2
sin2 θ13 ≈ ||
2
18
R22
[
1 +
2
3
(R2 + 2R3)
]
, sin2 θ23 ≈ 1
2
∣∣∣1− 
9
R22
∣∣∣2 . (41)
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Both cases are discarded since the reactor angle is proportional to the small quantities (R2/R3)
2 ≈ O(10−3) and
(R2)
2 ≈ O(10−5), respectively. Here, we have taken the central values for the inverted hierarchy and m0 ≈ 0.1 eV , in
addition 1/R3 ≈ 16 and || ≤ 0.3. In fact, the values of R2 and R3 might be tiny if m0 is large.
In the Cases C and D, we have respectively
sin2 θ13 ≈ ||
2
18
(1 + 2R2 − 2R3)
(
1 +
1
3R3
)2
, sin2 θ23 ≈ 1
2
∣∣∣∣1− 9
(
1 +R2 −R3
R3
)∣∣∣∣2 ,
sin2 θ13 ≈ 2
81
||2 (1 +R3)
(
1 +R2
R3
)2
, sin2 θ23 ≈ 1
2
∣∣∣∣1− 9
(
1 +R2 −R3
R3
)∣∣∣∣2 . (42)
As can be noticed, in the Case D, the reactor angle is proportional to (1/R3)
2, which is a large quantity so that one
requires that || should be 10−2 to obtain the region where the atmospheric angle lies on. This favors the atmospheric
angle since small values of || are needed to not deviate too much from 45◦. On the contrary, in the Case C the
atmospheric angle is deviated considerably since the || value is large, in comparison to the above case, thus it is not
necessary to suppress too much the (1 + 1/3R3)
2 factor in the reactor angle.
In a similar way to the inverted hierarchy, fixing the reactor angle to its central value we obtain the following for
the Case C:
(a) If m0 = 0.1 eV
sin2 θ13 = 0.0229, sin
2 θ23 ≈
 0.33, with α = 0, and || ≈ 0.1
0.698, with α = pi, and || ≈ 0.1
(43)
(b) If m0 = 0.25 eV
sin2 θ13 = 0.0229, sin
2 θ23 ≈
 0.31, with α = 0, and || ≈ 0.018
0.73, with α = pi, and || ≈ 0.018
(44)
In the Case D, we obtain
(a) If m0 = 0.1 eV
sin2 θ13 = 0.0229, sin
2 θ23 ≈
 0.41, with α = 0, and || ≈ 0.055
0.60, with α = pi, and || ≈ 0.055
(45)
(b) If m0 = 0.25 eV
sin2 θ13 = 0.0229, sin
2 θ23 ≈
 0.40, with α = 0, and || ≈ 0.009
0.61, with α = pi, and || ≈ 0.009
(46)
From the above results, we point out the importance of the α phase of the parameter ; this has to be pi in order
to reach the allowed region for the atmospheric angle. Analogously to the inverted ordering, on the other hand, those
results show the dependence between m0 and ||, the full allowed region is shown in the second plot of figure 4.
To get a panoramic view of the parameter space, the exact formulas for the reactor and atmospheric angles were
taken for the Case D and the observables as ∆m221, ∆m
2
13 and θν = θ12 were considered up to 3 σ. For the free
parameters || and m0, the set of values is shown in the following plots. As we can see, the reactor and atmospheric
angles are accommodated in good agreement with their experimental values.
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FIG. 3: Case D: Allowed region for sin2 θ13 and sin
2 θ23, respectively. The dotdashed, dashed and thick lines stand for 1 σ,
2 σ and 3 σ, respectively for each case.
FIG. 4: Case D: Allowed region for sin2 θ23 versus || and || versus m0. The dotdashed, dashed and thick lines stand for
1 σ, 2 σ and 3 σ, respectively
IV. PREDICTION ON THE ABSOLUTE NEUTRINO MASS SCALE
From the neutrino oscillation experiments, we get information on the mass square differences, but these experiments
cannot say anything about the absolute neutrino mass scale. However, there are three processes that can address
directly the determination of this important parameter: i) analysis of CMB temperature fluctuations [59], ii) the
single β decay [60] and iii) neutrinoless double beta decay (0νββ) [61]. The first one is purely observational and the
neutrino masses are determined with kinematical methods. The quantity probed in this approach is the sum of active
neutrino masses, which we can denote as:
mcosm =
3∑
i=1
mνi . (47)
An upper bound of mcosm has been estimated by the Planck collaboration, and its value is mcosm =
∑
i |mνi | =
0.23 eV [62]. However, this method is called model dependent because it has a strong dependence on the cosmological
and astrophysical assumptions [59].
On the other hand, the second and third processes for the determination of absolute neutrino mass scale, which we
will study in this work, are based on the searches conducted in ground laboratories [60, 61]. In the β decay processes,
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for example in the tritium decay, the effective electron mass is defined as [1, 63–67]:
m2β =
3∑
i
m2νi |Vei|2 , (48)
where Vei are the entries of lepton mixing matrix and correspond to the its first row. For a quasidegenerate neutrino
mass spectrum mν1 ' mν2 ' mν3 ' mνe , and for both possible hierarchies in the spectrum, the mβ coincides
approximately with the values of the three neutrino masses. Thus, Eq. (48) takes the form: m2β ' m2νe
∑3
i |Vei|2 = m2νe .
The Mainz [68], Troitsk [69] and KATRIN [70] experiments can give us information on the absolute values of neutrino
masses in the quasidegenerate region. From the first two experiments we have obtained an upper limit to the electron
anti-neutrino mass of 2.3 eV. The KATRIN experiment was designed to improve this limit by one order of magnitude
down, such that either it discovers its mass, or sets an upper limit of 0.2eV [70–72].
A direct measurement of the absolute neutrino mass scale through β decay experiments, will not give us any
information on the Dirac or Majorana character of neutrinos. The above issue can be solved by means of the
neutrinoless double beta decay experiments (0νββ). This is because the 0νββ decay is only possible if neutrinos are
Majorana particles. Also, with this decay process we can probe the absolute neutrino mass scale by measuring of the
effective Majorana mass of the electron neutrino, which is defined as:
|mee| =
∣∣∣∣∣
3∑
i=1
mνiV
2
ei
∣∣∣∣∣ . (49)
The lowest upper bound on |mee| is provided by GERDA phase-I data [73], and this is 0.22 eV . That value will be
substantially reduced by GERDA phase-II data [74].
Now, for our theoretical framework and in the case of CP parities, the Case D is the most favorable to accommodate
the reactor and atmospheric angles for the inverted and degenerate hierarchy. Therefore, the above observables will
be studied in this case. We have to keep in mind that the parameter that breaks the µ − τ symmetry is small in
both hierarchies so that the normalization factors are Ni ≈ O(1). Due to CP parities the |mee| effective neutrino
mass becomes a real quantity, additionally there will be a cancellation among the involved terms; as a consequence,
we expect small values in comparison to the GERDA phase-I data.
In the scatter plots that will be shown later, for certain quantities the green and red colors stand for the CP parities
and the CP non trivial values for the Majorana phases, respectively. In order to get these plots, the previous method
and the same conditions in determining the atmospheric angle and constraining the || parameter and the lightest
neutrino mass were used. This is, the exact formulas for the respective quantities are taken into account, additionally
the observables as ∆m221, ∆m
2
13 and θ12 were considered up to 3σ of C.L. At the same time, the reactor angle was
fixed to be consistent with the experimental value up to 3 σ of C. L. In this manner, we have calculated naively the
following quantities in the presence of CP parities and CP non trivial values for the Majorana phases.
1. Inverted Hierarchy. The effective neutrino mass |mee| is given by
|mee| ≈ 1
3
|m0ν1 |
∣∣∣∣1 + 3 ∣∣∣∣m0ν3m0ν1
∣∣∣∣ sin2 θ13 −R1∣∣∣∣ . (50)
where the Eq. (21) has been used, R1 = ∆m
2
21/2|m0ν1 |2 and sin θν ≈ 1/
√
3. In the limit case of strict inverted
ordering, |m0ν3 | = 0, one would have a defined value so we will expect that
|mee| >
√
∆m213
3
[
1− 1
2
∆m221
∆m213
]
≈ 0.016 eV. (51)
14
Since the lightest neutrino mass is not allowed to be zero as can be seen in Fig. 1. According of the allowed
values for the lightest neutrino mass and the  parameter, the complete region of values for |mee| is displayed
in Fig. 5. In these plots, we have considered that α = 0 as was shown in the analytic study. In the case of
FIG. 5: Allowed region for |mee| versus |m0ν3 | and ||, respectively.
CP parities, the predicted region of values are below the lowest upper bound [73]. However, in the presence of
CP non trivial values for the relative Majorana phases, α and β, the allowed region may be increased up to the
region where GERDA phase-II data will be sensitive.
The neutrino mass scale in beta decays and the sum of neutrino masses are given respectively as
mνe ≈ |m0ν1 |
[
1 +
1
3
R1 +
1
2
∣∣∣∣m0ν3m0ν1
∣∣∣∣2 sin2 θ13
]
,
∑
i
|mνi | ≈ 2|m0ν1 |
[
1 +
1
2
(
R1 +
∣∣∣∣m0ν3m0ν1
∣∣∣∣)] . (52)
These observables are expected to be large than the limit values, |m0ν3 | = 0, this means
mνe >
√
∆m213
[
1 +
1
6
∆m221
∆m213
]
≈ 0.049 eV,
∑
i
|mνi | > 2
√
∆m213
[
1 +
1
2
∆m221
∆m213
]
≈ 0.098 eV. (53)
The central values for the ∆m221, ∆m
2
31 and the fixed reactor angle have been considered for this purpose. Notice
the neutrino mass scale is below the value reported, mνe = 0.2 eV , as can be seen in Fig. 6, in the case of CP
parities and CP non trivial values. However, the bound on the sum of the neutrino masses can be reached in
both frameworks.
FIG. 6: Predicted region for |mee| versus the neutrino mass scale mνe and the sum of neutrino masses.
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To close this brief analysis, let us add two plots. The first one shows the allowed regions for the atmospheric
angle against the relative Majorana phases α and β. According the analytical study, in the case of CP parities,
the Case D is the most favorable to accommodate the mixing angles; this corresponds to α, β = pi. Along with
this, in the second panel the effective neutrino mass is shown against the two relative Majorana phases. These
plots are consistent with our analytical results obtained previously.
FIG. 7: Blue and black points stand for α and β phases, respectively.
2. Degenerate Hierarchy. In this case, we obtain
|mee| ≈ m0
3
∣∣1 + 3 sin2 θ13(1 + 2R3)− 2R2∣∣ . (54)
Here the Eq. (21) was used, R2 = ∆m
2
21/4m
2
0 and R3 = ∆m
2
13/4m
2
0. With m0 ≈ 0.1 eV , the lowest value for
the effective neutrino mass may be obtained, then |mee| ≥ 0.036 eV for m0 & 0.1 eV . The predicted regions
for |mee| can be seen in Fig. 8, in here, let us point out that the parameter space for m0 and || is displayed in
Figs. 3 and 4 where the α = pi phase was favored according to the analytical study.
FIG. 8: Allowed region for |mee| versus |m0ν3 | and ||, respectively.
Let us stress the following, in the case of CP parities, the breaking of the µ− τ symmetry was notable in that
very small values for the || parameter were predicted by the model. Including two relative Majorana phases
this soft breaking is spoiled as can be seen in Fig. (8). In a similar way to the inverted spectrum, the model
predicts small values for |mee| in comparison to the GERDA phase-I data, but the allowed region is enhanced
by the presence of CP non trivial values in the Majorana phases.
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Taking into account the mνe neutrino mass scale and the sum of the neutrino masses, we have
mνe ≈ m0
[
1 +
2
3
R2 +
1
2
(1 + 4R3) sin
2 θ13
]
,
∑
i
|mνi | ≈ 3m0
[
1 +
2
3
(R2 +R3)
]
. (55)
Therefore, we expect that mνe ≥ 0.102 eV and
∑
i |mνi | ≥ 0.312 eV with m0 & 0.1 eV . In this ordering, the
bound in the neutrino mass scale may be reached if the common neutrino mass is large, at the same time, the
sum of the neutrino masses is far away from the bound given by Planck collaboration.
FIG. 9: Predicted region for |mee| versus the neutrino mass scale and the sum of neutrino masses.
Similarity to the inverted hierarchy, we add two plots where the atmospheric angle and the effective neutrino
mass are displayed against the relative Majorana phases. As we can see, in the first panel, for the atmospheric
angle the allowed region has been increased by the presence of CP non trivial values in the Majorana phases;
in this framework, two notable regions seem remarkable: a) α = pi and β = 0, 2pi; this values correspond to the
Case C; b) α, β = pi, this CP parties correspond to the Case D. These two regions can be distinguished better
in the second plot where the allowed values of the effective neutrino mass is shown, in this plot the Case C
seems to be relevant in the presence of CP non trivial values; in the case of CP parities, this case was disfavored
by predicting large values for the atmospheric angle.
FIG. 10: Blue and black points stand for α and β phases, respectively.
As we can notice, the presence of CP non trivial values for the Majorana phases is a subtle issue since these
change the allowed regions for the observables. We ought to comment that an analytical study on the CP non
trivial phases should be carried out to verify the naive numerical results. For the moment, this task is out of
the scope of this work.
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V. OUTLOOK AND REMARKS
We have constructed a Q6 flavored supersymmetric model with non-minimal Higgs sector. In the lepton sector,
the µ ↔ τ permutation symmetry is broken only by one perturbative parameter  which is directly proportional to
the inequality meτ 6= meµ. This symmetry breaking deviates the reactor and atmospheric mixing angles from 0◦ and
45◦, respectively. Such deviations may be sizeable in the presence of CP parities in the Majorana phases, also this
particular framework allows us to constrain, in an analytical way, the lightest neutrino mass and the  parameter that
accommodate the deviated mixing angles.
The model predicts that the inverted hierarchy is lesser favored than the degenerate ordering. For this latter mass
ordering, the numerical values obtained for the reactor and atmospheric mixing angle are in very good agreement with
the current experimental data on neutrino oscillations. Remarkably, the common neutrino mass lies on the favorable
region for KamLAND-Zen collaboration and the atmospheric angle lies on the upper octant (θ23 > 45
◦).
Additionally, the effective neutrino mass decay, the neutrino mass scale and the sum of the neutrino mass were
calculated in the framework of CP parities in the Majorana phases. In this particular case, the allowed regions are
consistent with the analytical study, however, these regions are enhanced by the contribution of two relative Majorana
phases in the neutrino masses. For the effective neutrino mass decay, the allowed values can be reached by the future
experiments in this direction.
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Appendix A: Q6 Flavor Symmetry
The Q6 group has twelve elements which are contained in six conjugacy classes, therefore, it contains six irreducible
representations. We will use the notation given in [35], there are various notations and extensive studies for this
group, see for example [75, 76]. The Q6 family symmetry has 2 two-dimensional irreducible representations denoted
by 21 and 22, 4 one-dimensional ones which are denoted by 1+,0, 1+,2, 1−,1 and 1−,3. As it is well known, 21 is a
pseudo real and 22 is a real representation. In addition, for 1±,n we have that n = 0, 1, 2, 3 is the factor exp (inpi/2)
that appears in the matrix given by B. The ± stands for the change of sign under the transformation given by the A
matrix. So that the first two one-dimensional representations are real and the two latter ones are complex conjugate
to each other.
Q6 = {1,A,A2,A3,A4,A5,B,AB,A2B,A3B,A4B,A5B}, (A1)
where the A and B are two-dimensional matrices whose explicit forms are given by
A =
(
cos (pi/3) sin (pi/3)
− sin (pi/3) cos (pi/3)
)
and B =
(
i 0
0 −i
)
. (A2)
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Let us write the multiplication rules among the six irreducible representations which will be useful to build a phe-
nomenological model:
1+,2 ⊗ 1+,2 = 1+,0, 1−,3 ⊗ 1−,3 = 1+,2, 1−,1 ⊗ 1−,1 = 1+,2, 1−,1 ⊗ 1−,3 = 1+,0,
1+,2 ⊗ 1−,1 = 1−,3, 1+,2 ⊗ 1−,3 = 1−,1, 21 ⊗ 1+,2 = 21, 21 ⊗ 1−,3 = 22,
21 ⊗ 1−,1 = 22, 22 ⊗ 1+,2 = 22, 22 ⊗ 1−,3 = 21, 22 ⊗ 1−,1 = 21;
21︷ ︸︸ ︷(
x1
x2
)
⊗
21︷ ︸︸ ︷(
y1
y2
)
=
1+,0︷ ︸︸ ︷
(x1y2 − x2y1) +
1+,2︷ ︸︸ ︷
(x1y1 + x2y2) +
22︷ ︸︸ ︷(
−x1y2 − x2y1
x1y1 − x2y2
)
22︷ ︸︸ ︷(
a1
a2
)
⊗
22︷ ︸︸ ︷(
b1
b2
)
=
1+,0︷ ︸︸ ︷
(a1b1 + a2b2) +
1+,2︷ ︸︸ ︷
(a1b2 − a2b1) +
22︷ ︸︸ ︷(
−a1b1 + a2b2
a1b2 + a2b1
)
21︷ ︸︸ ︷(
x1
x2
)
⊗
22︷ ︸︸ ︷(
a1
a2
)
=
1−,3︷ ︸︸ ︷
(x1a2 + x2a1) +
1−,1︷ ︸︸ ︷
(x1a1 − x2a2) +
21︷ ︸︸ ︷(
x1a1 + x2a2
x1a2 − x2a1
)
, (A3)
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